Abstract. In macrophyte-rich lentic ecosystems, higher numbers of damselfly larvae occur in areas where there is structurally complex vegetation than in those where the plant architecture is relatively simple. Biotic interactions rather than morphological constraints are considered to underlie this pattern. We investigated whether the preference of the larvae of the damselfly Enallagma cyathigerum for a particular habitat was retained in absence of prey, predators and/or conspecifics. A series of laboratory choice experiments was conducted in which combinations of sediment and artificial plants differing in structural complexity were offered simultaneously to the larvae. Larvae preferred patches with structurally complex vegetation over patches with simply structured vegetation or lacking vegetation. Patches with simply structured vegetation were preferred over those with bare sediment, but the number of larvae showing a clear choice, which is regarded as an indication of the strength of the preference for a particular habitat, was relatively low compared to the number of individuals responding when complex vegetation was present. Based on the results presented, we conclude that the preference of E. cyathigerum larvae for structurally complex vegetation is independent of the presence of predators, prey or competitors. This suggests that this behaviour of the larvae is either learned or an innate response.
INTRODUCTION
Habitat structure is an important factor in freshwater ecosystems, influencing the distribution of aquatic insects and other macro-invertebrates and affecting the outcome of biotic interactions (Bell et al., 1991; Jeffries, 1993; Warfe & Barmuta, 2004 , 2006 . In general, macroinvertebrate abundance and number of taxa associated with structurally complex macrophytes is greater than with plants with a simple architecture (Cheruvelil et al., 2002; Taniguchi et al., 2003; Thomaz et al., 2008) . Furthermore, the macro-invertebrate taxon richness recorded for substrates with a rough surface is greater than for substrates with smooth surfaces (Douglas & Lake, 1994; Downes et al., 2000) . Zygoptera (Odonata) are an example of a macroinvertebrate group in which the larvae of most species appear to prefer habitats with a complex structure over those with a simple structure (Chilton, 1990; Lombardo, 1997; Schmude et al., 1998; Warfe & Barmuta, 2006) . Most damselfly larvae are classified as climbers, spending much of their larval life among macrophytes (Merritt & Cummins, 1984) . They are generalist predators, which are capable of switching between a sit-and wait feeding mode to catch mobile prey and active movement to catch slowly moving or sedentary prey (Koperski, 1997; Corbet, 1999) . Odonata seem to be important in structuring aquatic communities (Thorp & Cothran, 1984) since they can be abundant in lentic ecosystems and are often the numerically dominant predators of macro-invertebrates in beds of macrophytes.
There are several possible mechanisms that might explain the presence of larger numbers of larvae in habitats with a complex structure than those that are structurally simpler or un-vegetated. Habitat preference could also be resource-based, since the larvae may be attracted to habitats with a high diversity and abundance of prey (Chilton, 1990) or mainly present in macrophytes with an architecture in which they are most efficient in capturing prey (Walsh, 1995) . Finally, larvae may use vegetation as a refuge from predators (Dionne et al., 1990; Tolonen et al., 2003; Warfe & Barmuta, 2006) or because they are subject to less inter-or intra-specific competition in such habitats (Elkin & Baker, 2000; Suutari et al., 2004) . These explanations are not mutually exclusive, which is one of the difficulties encountered when the structural complexity of a habitat is used to explain the differential use of structurally simple and complex macrophytes by macro-invertebrates. Therefore, controlled separation of the effects of structural complexity, prey availability and predation is needed to clarify the various mechanisms determining habitat choice by damselfly larvae and macro-invertebrates in general.
The damselfly Enallagma cyathigerum (Charpentier, 1840) is a suitable species for determining the role of habitat structural complexity in habitat selection, because whilst its larvae in general prefer structurally complex vegetation, they can also be found in structurally simple vegetation as well as on bare sediments (Johannsson, 1978; Lombardo, 1997) . This species is often the numerically dominant damselfly in oligo-to mesotrophic lentic waters at an early stage of succession (Schiel, 1998) . Because the larvae can occur in very dense aggregations, without exhibiting evident spacing or agonistic behaviour, competitive exclusion is likely to be of minor importance (Chowdhury & Corbet, 1989) . Risk of predation, prey availability or capture efficiency are therefore most likely to be the main factors that determine the habitat preference of larvae of E. cyathigerum.
In this study, we investigated habitat selection by E. cyathigerum larvae in a situation where there are no prey, predators or competitors present, to test the hypothesis that larvae do not display a clear preference for structurally complex vegetation when studied in isolation, which should indicate whether biotic interactions influence their choice of habitat. Under laboratory conditions, we offered combinations of no vegetation, simple vegetation structures (stems) and complex vegetation structures (plants with finely dissected leaves) to larvae in two-choice experiments. Since the larvae can potentially make use of bare sediment (Johannsson, 1978) both mineral (smooth) and coarse organic (rough) sediments were included in this choice experiment.
MATERIAL AND METHODS

Test species
E. cyathigerum is a Holartic species found in a broad variety of lentic ecosystems, e.g. ponds, lakes and ditches. The larvae used in the present study were collected from Kootwijkerveen (52.207°N, 5.795°E), an acid, fishless heath land pool on sandy soils near Kootwijk, the Netherlands. Larvae were caught in a shallow part of the pool by sweeping a net (1.0 mm mesh) through the macrophytes, which included both submerged plants with finely dissected leaves and emergent stems, and over the bottom sediment and were brought to the laboratory within 4 hours. In the laboratory, penultimate and final instars were selected for the experiment [average head width 2.7 (± 0.24) mm, N = 336].
Each larva was placed in a separate PVC tube (height 8.5 cm, diameter 4.0 cm), to prevent larvae damaging each other. The lower end of the tube was closed with wire netting (2 mm mesh). In each tube, a stem of Ceratophyllum demersum from a nearby pond was provided for perching. Tubes were placed in large containers, filled with approximately 12 l of aerated ground water. The containers were stored in a climate room (12L : 12D photoperiod, temperature 16 ± 1°C). Every 3rd day, larvae were fed approximately 10 Daphnia magna per individual. The larvae were allowed to acclimatize to these conditions for one month. Larvae were fed with 10 Daphnia magna 4 h before the experiment started so that they were each similarly satiated. Following Jeffries (1990), recently moulted individuals or those showing pre-emergence characteristics were not used, because they could behave differently.
Experimental design
To determine the habitat preferences of E. cyathigerum larvae, 21 combinations (two types of sediment in combination with three types of vegetation: none, simple or complex) were tested using a total of 16 individuals per combination (Table 1) . Pair wise combinations were provided in transparent plastic containers (length 14.5 cm × width 11.5 cm × height 7.3 cm), which were divided into two compartments (Fig. 1) . To prevent the sediments from mixing when preparing the containers, a partition was inserted in the notches (N) in the container wall. At the start of the experiment the partition was removed and the larva was released in the centre of the container (R).
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Each combination was tested in a separate container, which was filled with 0.75 l aerated ground water. Depending on the treatment, the bottom of each compartment was covered with a 1 cm layer of well-washed fine sand (grain size 125-250 µm) or black peat (particle size 1-10 mm), which represented coarse organic sediment. Peat was washed thoroughly and sieved (1.0 mm mesh) in order to prevent fast re-suspension of small particles and discoloration of the water. A Plexiglas partition was used to prevent the mixing of the different substrates when filling the containers with water and was removed before the start of the experiment. The artificial plants used in the experiments differed in morphological complexity. The types of structural complexity were based on Warfe & Barmuta (2006) . The complex vegetation consisted of 6 leaf-bearing stems (length 6.0 cm) of commercially produced artificial plants resembling Limnophila heterophylla (Tetra Plantastics, Melle, Germany) with 4 highly dissected leaves and the simple vegetation of 6 tufts of plastic coated wire, which resemble the cylindrical leaves and stems of Juncus. Each tuft consisted of 3 plastic-coated metal wires (diameter 1.5 mm, length 6.0 cm).
Assuming that larvae continually search for the best available habitat and spend most of their time there we recorded time spent in each habitat. At the start of the experiment, one larva was released in the centre of each container and was allowed to move around freely for 24 h. After 6 h in the container, the light in the climate room was switched off for 12 h. The next day, the light was switched on again for 6 h. The first 18 h of the trial allowed the larva to get used to its new surroundings and then its position in the container was recorded in the following 6 h. Pilot trials showed that there was little difference in position and behaviour at 12, 24, 48 and 72 h, and therefore 3 records of the position of the larvae in the last 6 h of the trial were used as an indication of habitat preference. Positions were recorded 1 h, 3.5 h and 6 h after the light was switched on again (n = 1008 observations).
If present in the same compartment on all three occasions the habitat preference of the larva was designated a "clear choice". When present in compartments with vegetation, the majority of the larvae perched on the vegetation (90%, n = 572 observations). On the stems, larvae perched vertically, head downwards or upwards. On the complex vegetation, the larvae used the leaves, perching horizontally on top or on the lower side of a leaf, head facing outwards. If the larvae did not perch on the vegetation, they were present on the substrate directly underneath the vegetation (e.g. under the lower leaves of the complex plants). We regarded this behaviour as directly affected by the vegetation. Therefore, all larvae present in a compartment with vegetation were counted, whether perching on or beneath the structures.
Statistical analyses
First, the effect of substratum type on habitat choice was tested. Since macrophytes are the primary habitat of E. cyathigerum larvae under natural conditions, we tested if larval preference for a particular type of vegetation was influenced at all by the sediment provided in the compartments. This analysis was carried out using a Chi square test of homogeneity.
Subsequently, it was tested if the larvae displayed a preference for either a compartment of a pair in which the vegetation was the same or in which it was different. The former set of experiments represented a control; preference for a compartment would indicate a non-random influence of, for example, the container or room. To determine if the larvae preferred a particular type of vegetation, binomial tests were used. For each treatment (same vegetation in both compartments, n = 48 individuals tested; different vegetation in both compartments, n = 64), the number of times a clear choice was made for one of the compartments was tested against the number of times a clear choice was made for the other compartment, assuming an equal distribution (PA = PB = 0.5). The null hypothesis of no preference was rejected if one of the two compartments in a container was chosen more often, indicating that the larva did not chose randomly.
Besides the proportion of larvae that made a clear choice, we also recorded the proportion of non-responsive individuals (those that clung to one of the two notches in the container wall at the point of release; Fig. 1 ) per treatment as well as the proportion of individuals that did not show a preference (moved between the two compartments during the period of observation) as informative, because this behaviour could be an indication of the strength of the habitat preferences, following De Lange et al. (2005) . Therefore, we tested for differences in the mean percentage of individuals showing no preference for either a compartment in a pair in which the vegetation in both compartments was the same or in which it was different. To determine the mean percentage of individuals showing no preference, the different substrate combinations were used as replicates (n = 3 for the same vegetation in both compartments and n = 4 for different vegetation in the two compartments, Table 1 ). The analysis of the different vegetation treatments was carried out using a one-way analysis of variance (ANOVA), followed by a Tukey post-hoc comparison test (n = 4). For the analysis of the same vegetation treatment, a non-parametric Kruskal-Wallis test in combination with a Jonckheere-Terpstra test (n = 3) was used, because of deviations from normality. Significance level in all tests was set at P = 0.05. All statistical tests were performed in SPSS for Windows (version 15, SPSS inc.).
RESULTS
The type of substrate did not have a significant effect on larval behaviour (Table 1 ). The proportion of larvae that made a clear choice for either compartment as well as the proportion of larvae that moved between compartments or did not respond did not differ significantly between any of the substrate combinations. Therefore, all substrate combinations were grouped in further analyses.
When offered a choice between compartments with the same type of vegetation larvae showed no preference for show a preference and is divided to show the proportions of larvae that moved between compartments between observations ("displaying shifts") and of those that perched on the notches in the wall of the container ("no response").
one of the compartments (Fig. 2) . Nonetheless, the percentage of individuals per treatment that made a clear choice was significantly affected by the level of structural complexity of the vegetation [H(2) = 6.359, P = 0.01; Fig.  2 ]. Fewer larvae made a clear choice of compartments with simple or no vegetation (Jonckheere-Terpstra test: J = 1.5, z = -2.70, P = 0.01).
When offered a choice between compartments with different types of vegetation the larvae preferred complex vegetation over simple and no vegetation, and simple vegetation over no vegetation (Fig. 3) . The proportion of individuals that made a clear choice varied significantly between treatments (Fig. 3) . The combined proportion of non-responding larvae and those shifting between compartments was significantly higher in the combination with simple vegetation and no vegetation than in other combinations (F2,9 = 15.02, P = 0.001).
DISCUSSION
Active selection of structurally complex vegetation by the larvae of E. cyathigerum in this experiment is consistent with the findings of Chilton (1990) and Lombardo (1997) , who observed that under natural conditions Enallagma larvae were most numerous on structurally complex macrophytes and less abundant on plants with a simple leaf architecture. We show that preference for vegetation with a complex structure did not change when the larvae were removed from their natural habitat and placed in an environment without predators, prey and con-specifics. This contrasts with reports of the behaviour of other species of Odonata, in which habitat preferences of the larvae change in the absence of biotic interactions (Heads, 1986; Elkin & Baker, 2000; Suutari et al., 2004) .
Preference for vegetation with a particular structure is, at least to a certain extent, the result of morphological and behavioural characteristics of the species, assuming that larvae actively select habitats to which they are adapted. For example, to be able to catch prey, damselfly larvae need a rigid structure to hang on to in order to counteract the backward movement generated when their labium protracts (Corbet, 1999) . As a consequence, bare sediments are unsuitable for capturing prey. Therefore, it is not surprising that larvae preferred compartments with vegetation over those with just sediment, but their specific preference for vegetation with a complex structure is puzzling as other damselfly larvae are equally attracted to both simple and complex vegetation (Lombardo, 1997) . This suggests that, despite the absence of predators and prey in our experiment, both factors may have influenced the behaviour of the larvae of E. cyathigerum studied.
Since damselfly larvae tend to stay near areas where food is abundant (Baker, 1981) , it is possible that they prefer to perch in vegetation where they foraged efficiently most of their lives. Vegetation with a complex structure is abundant in the heathland pool from which the larvae originated. In general, macro-invertebrate abundance, total biomass and species richness are higher in structurally complex habitats (Jeffries, 1993; Warfe & Barmuta, 2006; Thomaz et al., 2007) . When an abundance of a large variety of prey species is available damselfly larvae are able to choose between prey items and capture prey with fewer capture attempts, resulting in faster growth and development and larger biomass at emergence (Heads, 1986; Schaffner & Anholt, 1998) . This suggests that patches of complex vegetation are a more favourable location for the prey of damselfly larvae than are macrophytes with a simple architecture, particularly because Enallagma larvae are equally efficient at capturing prey in structurally simple and complex vegetation (Lombardo, 1997) .
Furthermore, complex vegetation offers better protection against predators, particularly fish, than structurally simple vegetation and the increasing tendency of damselfly larvae to hide in vegetation with increase in predation risk suggests that they are able to recognize high and low risk environments (Dionne et al., 1990) . The role of structural complexity in mediating invertebrate predatorprey interactions, which is more relevant for this study because the larvae used in our experiment only co-existed with invertebrate predators, is less clear. Trade-offs between optimizing growth and avoiding predation through habitat choice are well known in both aquatic and terrestrial ecosystems (Werner & Gilliam 1984; Werner & Anholt, 1994) . Responses to cues from invertebrate predators, studied in complex vegetation or artificial analogs, seem to depend on the identity of the predator and the presence of prey. Jeffries (1990) , for example, observed that the larvae of E. cyathigerum moved less when a larva of Aeshna juncea was present, but only in the absence of food. When both invertebrate predators (A. juncea, Notonecta glauca) and prey are present, feeding and movement rates of the larvae are not or only weakly suppressed (Chowdhury & Corbet, 1988; Jeffries, 1990; Koperski, 1997 ). An exception are the chemical cues produced by Ranatra linearis, which strongly reduce larval feeding rates (Koperski, 1997). Therefore, it is possible that the larvae used in our experiment were predisposed to avoid predators by selecting structurally complex habi- tats and continue to use the habitat with the highest refuge value even when predators are not present, because it was a successful strategy during the earlier stages of their development.
There was a clear relationship between the number of larvae not showing a preference for vegetation and habitat structural complexity. In the absence of complex vegetation, the number of larvae moving between compartments increased considerably. This is possibly because the larvae try to locate suitable perching sites. When complex vegetation was present, the number of larvae showing no choice decreased considerably, which further supports their preference for macrophytes with a complex architecture. A fraction of the larvae immediately perched in the notches on the container walls and remained there throughout the trial. Apparently, these notches also offered a perching opportunity for the larvae and with decrease in habitat complexity appeared to be more often selected. Since this container effect paralleled the pattern in larvae without a preference, it did not affect the outcome of the experiment.
In conclusion, larvae of E. cyathigerum actively selected structurally complex vegetation over simple vegetation or bare sediment. This preference was demonstrated in an environment without predators, prey or conspecifics. Future studies are needed to determine whether this response is the result of learned behaviour or an innate, evolved response. One way to answer this question would be to repeat the experiment using laboratoryreared larvae that were previously reared in containers with different types of vegetation or cues of the presence of predators instead of field-collected larvae.
